The degradation of creep resistance in Ni-based single-crystal superalloys is essentially ascribed to their microstructural evolution. Yet there is a lack of work that manages to predict (even qualitatively) the effect of alloying element concentrations on the rate of microstructural degradation. In this research, a computational model is presented to connect the rafting kinetics of Ni superalloys to their chemical composition by combining thermodynamics calculation and a modified microstructural model. To simulate the evolution of key microstructural parameters during creep, the isotropic coarsening rate and c/c¢ misfit stress are defined as composition-related parameters, and the effect of service temperature, time, and applied stress are taken into consideration. Two commercial superalloys, for which the kinetics of the rafting process are selected as the reference alloys, and the corresponding microstructural parameters are simulated and compared with experimental observations reported in the literature. The results confirm that our physical model not requiring any fitting parameters manages to predict (semiquantitatively) the microstructural parameters for different service conditions, as well as the effects of alloying element concentrations. The model can contribute to the computational design of new Ni-based superalloys.
I. INTRODUCTION
THE outstanding high-temperature mechanical performance of Ni-based single-crystal superalloys, in particular, their superior creep resistance, makes them favorite materials for turbine blades in aero engines. [1] Their interesting properties are largely dictated by the high volume fraction (up to 70 pct) of ordered, L1 2 structured c¢ precipitates, which are coherently embedded in a solid-solution-strengthened c matrix (fcc structure). During the high-temperature creep process above 900°C, the creep behavior strongly depends on the microstructural evolution. Specifically, in the early creep stage of so-called negative misfitting alloys, initially adjacent cuboidal c¢ particles coalesce and turn into platelike structures, which are normal to the stress direction. This microstructure of alternating platelets of c and c¢ phases is called the rafted structure. The lamellar structure is rather stable and essentially blocks the dislocation bypassing mechanism, resulting in a low creep rate during the secondary creep stage. In the later stage of creep, the destabilization of the rafted microstructure occurs through a topological inversion of c/c¢ microstructure, resulting in a steep increase in the creep rate. Hence, the creep kinetics can be linked to the process of microstructural evolution, and it is of great importance to identify the main microstructural evolution mechanisms and to incorporate their effects as a function of service conditions.
The characterization of microstructural evolution during the creep process is of utmost importance in detecting the desirable mechanical properties of Ni single-crystalline superalloys. Hence, since the 1990s, a large number of models have been derived to describe and investigate the progress of c¢ morphology evolution. Most of them focus on the dynamics of dislocation behavior, exploring the balance between dislocation multiplication and interaction with precipitates, as well as dislocation annihilation and recovery. [2] [3] [4] [5] [6] Other models focus on probing the driving force of the anisotropic coarsening of precipitates. [7] [8] [9] [10] Essentially, the microstructural characteristics for Ni superalloys are determined by three factors: c¢ precipitate volume fraction, isotropic coarsening, and directional coarsening, also called rafting. There are two main parameters in describing the rafted microstructure, i.e., the microstructural periodicity k and the c channel width x. The k parameter characterizes the global coarsening of the c/c¢ microstructure, since the rafted c/c¢ composite morphology is found to be almost independent of the initial microstructure. The widening of the c channel width, which is perpendicular to the uniaxial applied stress, is also an important process in presenting creep kinetics during microstructural evolution, since the channel width determines the dislocation motion due to the Orowan mechanism and their accumulation. The c channel widening is driven by the superimposition of internal misfit stress and the uniaxial applied stress, which can significantly affect the kinetics of the anisotropic coarsening mechanism.
As mentioned previously, the creep kinetics are linked to the process of microstructural evolution, which is not only a function of the imposed loading conditions but also of the chemical composition of the superalloy. However, there are only a few studies that attempt to show the effect of alloying element concentrations on microstructural evolution [11] [12] [13] because of the large number of potential interactions between the alloying elements and the complex dependences on service temperature, time, and applied stress that need to be evaluated. Theoretical analyses and computer modeling tools might conceivably provide a qualitative or semiquantitative method to solve this problem. [14, 15] In the present article, the Ni single-crystal commercial grades CMSX-4 and Rene´N4 are selected as the reference alloys, since their microstructural parameters and creep behavior during different creep tests have been reported in quite some detail. [1, [16] [17] [18] [19] A novel computational design model predicting the microstructural development during the creep process is presented in which thermodynamic data are combined with an energy-based microstructural evolution model. The microstructural features are computationally linked to the chemical composition, and the simulated results are validated against experimental observations. Specifically, the conditions considered in this work correspond to the coalescence of cubic c¢ precipitates at elevated service temperatures (above 1173 K, 900°C), leading to the lamellar structure under uniaxial h001i tensile loading. Other loading conditions (uniaxial compression, multiaxial stress, cyclic loading, etc.) are outside the scope of this work.
II. MODEL DESCRIPTION
In this section, a model that combines thermodynamic calculations with two representative methods that describe the microstructural evolution of CMSX-4 and Rene´N4 superalloys is presented. The effects of chemical compositions are introduced and the corresponding microstructural parameters can be predicted as a function of stress and temperature. For the relatively limited composition domain explored in this work, the composition dependence of dislocation behavior is ignored. The nominal chemical compositions of commercial superalloy CMSX-4 and Rene´N4 are shown in Table I .
A. Fedelich's Phenomenological Model
Recently, Fedelich et al. [20] measured the increase in the microstructural periodicity k and the c channel width x of CMSX-4 commercial superalloys as a function of service time, temperature, and applied stress. An analytical expression was proposed, which seems to capture the findings from detailed observations on the transition of c¢ morphology from cuboid to rafted shape. In their work, the processes of isotropic coarsening and unidirectional coarsening, i.e., rafting, are considered separately and are assumed to be governed by different driving mechanisms. Based on geometrical considerations, the channel width in the two different procedures is given by
where f c¢ is the volume fraction of precipitates and k(t) is the microstructural periodicity. The isotropic coarsening of k(t) was captured by the fitted equation used for specimens crept at 1223 K (950°C):
A dimensionless parameter, termed rafting degree n, is defined to quantify the microstructural changes. It presents the normalized channel width, which increases from 0 to 1 when the microstructure changes from cubes to plates:
n ¼ xðtÞ À x cube ðtÞ x raft ðtÞ À x cube ðtÞ : ½4
The analytical expression to describe the degree of rafting as a function of time and external stress based on experimental results is given by n ¼ 1 À expðÀbr n tÞ: ½5
Fundamentally, the aforementioned model is an experimentally based analytical expression, which can be applied only for CMSX-4 alloy at the temperature 1223 K (950°C), where b, b, and n are all fitting parameters not having any physical meaning. To extend the application scope of this model over a wider temperature range, Fedelich et al. [21] further collected the microstructural evolution data of CMSX-4 over a wide temperature range and built the following equation to describe the kinetics of evolving periodicity and channel width:
½7
In these two equations, D 0 , Q k , a, A 0 , Q n , r 0 , and p are also fitting parameters. This modified equation excellently describes the microstructural degradation of CMSX-4 at different stress and temperature levels with the correlation factors r 2 > 0.97. However, all the parameter values in the equation remain fitted values, which means for other superalloy systems with slightly different chemical compositions, the applicability of the model should be reassessed and the parameter values need to be redetermined.
B. Fan's Model
Fan et al. [22] follow the approach of Fedelich et al.'s work [20] in describing the channel width and rafting degree but attempt to bring in a more physical approach. They describe the isotropic coarsening of the microstructural periodicity, as follows:
In this equation, B is a material constant and Q is the activation energy. One could argue that the Oswald ripening mechanism describes the coarsening of spherical particles, while the actual microstructure in the superalloys considered is a lamellar structure. However, it would be reasonable to simplify the coarsening kinetics of lamellar structures in the same way since, essentially, it is the overall interfacial energy that drives the coarsening mechanism. Recent studies [23, 24] also show that the isotropic coarsening rate, as in the LSW coarsening mechanism, can be applied as an indicator of creep properties in Ni superalloys. In this model, the isotropic coarsening rate is proportional to temperature and determined by two constants, while no formal connection to the chemical composition is assumed.
According to Fan's study, in the directional coarsening process, c¢ precipitates only change their shape from cubes to rafts while the precipitate volume remains constant, since the change of c¢ volume was included in the isotropic coarsening. The driving force for rafting is the strain energy w, which equals the distortion strain energy since the volumetric strain energy is zero. The strain energy during rafting is formulated as
where t d is the distortion strain energy, E is the elastic modulus, t is the Poisson ratio, and r s is the largest Mises stress in three types of channels. From a thermodynamics perspective, the driving force for rafting is the partial derivative of the strain energy to the degree of rafting:
In the case of a uniaxial applied tensile stress in one of the three principal h001i directions,
This direction was selected since it leads to the highest von Mises stress value, which was taken to be the superimposition of extrinsic applied stress r 0 and intrinsic lattice misfit stress r i , and r i was set as a constant value 300 MPa for CMSX-4 superalloy. Similarly, the evolution of the rafting degree n is related to the actual morphology, the driving force, and the temperature. Hence, the channel width during rafting can be predicted with the following equation:
xðtÞ ¼ x cube ðtÞ þ ½x raft ðtÞ À x cube ðtÞ
In this model, the microstructural parameter c channel width now is presented as a function of time, temperature, and stress. In contrast to Fedelich's work, every parameter in this equation has a clear physical meaning.
C. Composition-Dependent Microstructural Model
In this work, we also assume that the growth of microstructural periodicity follows the LSW theory but redefine the isotropic coarsening rate to present the proper effect of temperature. The isotropic coarsening rate of microstructural periodicity is shown in this equation:
where t is the creep time. This equation resembles Eq. [8] , but in contrast to the formulation of Eq. [8] , our definition of K allows for making a connecting to the equilibrium chemical composition of both the matrix and the precipitate as well as the diffusivities of the alloying elements. Based on earlier work, [25] [26] [27] [28] the rate constant for the isotropic coarsening rate of precipitates is given by the following equation:
in which V m p is the molar volume of precipitate, x is the equilibrium interface mole fraction of the c¢ forming elements on both the matrix (m) and precipitate (p) sides, T is the service temperature, and D is the corresponding diffusion coefficient. In the calculations, the interfacial energy is arbitrarily set at a fixed value of 0.3 J/m 2 irrespective of the precipitate size and the actual composition of precipitate and matrix. [29] This is a slight simplification but helps in illustrating the effect of alloy and particle composition on precipitate coarsening. All thermodynamic parameter values, including
, D i , and V m p , required during the calculations were calculated via Thermo-Calc using the latest TCNI8 and MobNI4 databases.
In addition to the coarsening rate, the misfit stress induced by the mismatch of lattice parameter and elasticity coefficient is also treated as a composition-dependent parameter. In this work, the lattice misfit stress is defined as r i which is taken as the product of the Young's modulus and the lattice misfit strain, as shown in Eq. [15] 
The lattice misfit stress is determined by the element concentration in c/c¢ phases as well as the thermal expansion coefficients of both phases. In fact, apart from the internal stress induced by lattice misfit, the elastic misfit between the c/c¢ phase contributes to internal stress as well. Dye et al.'s research [30] revealed that at temperatures above 1173 K (900°C), the differences in the elastic moduli between c/c¢ phases in a CMSX-4 superalloy are within 5 pct. Therefore, in our work, the internal stress is simplified as the lattice misfit stress only.
The evolution of channel width in CMSX-4 superalloy during rafting is presented in the following equation:
As mentioned previously, the lattice misfit between the c/c¢ phase is, on the one hand, governed by the chemical composition of the phases at the relevant temperature via Vegard's law and, on the other hand, by the thermal expansion coefficients of both phases. In this article, the calculation of lattice misfit follows the method from Rettig et al. [14] The misfit is determined by Eqs. [18] through [21] , which concern element concentrations of the respective phases at the required temperature. The element concentrations of c/c¢ phases can be directly obtained from CALPHAD calculation and the simulated lattice misfit. In the absence of better data and reliable ab-initio calculations, the empirical Eqs. [18] through [21] are used to calculate the lattice misfits.
Since the predictions of this model rely on the accuracy of the underlying database (as all thermodynamic calculations), we checked the validity of the database used in predicting the characteristics of Ni superalloys. Disagreements between experimental results and simulated volume fractions and chemical compositions of c/c¢ phases have been reported when use was made of the formal TCNI databases, [31, 32] but recent publications have validated the reliability of the current databases TCNI8. [33, 34] Modest deviations between the actual experimental data topologically-closed-packed (TCP) phases and the recalculated values on the basis of the database are reported in Reference 35. Hence, the results of the thermodynamic calculations for TCP phases should be considered as indicative. Figure 1 shows the simulated channel width of commercial alloys CMSX-4 and Rene´N4 obtained from our model and the comparison with the experimental data at different temperatures and applied stress levels. The solid lines are the simulation results obtained from our model, while the dashed lines are the results from Fedelich's analytical expression (Eq. [7] ). It turns out in Figure 1 (a) that at 1123 K (850°C), at the lowest stress level, a misfit exists between our predictions and the experimental data. However, at high stress levels, our model perfectly reproduces the experimental results and even outperforms Fedelich's analytical expression. Figure 1(b) shows that at a service temperature of 1223 K (950°C), a good agreement in the kinetics is obtained for the high stress 240 MPa, while at lower stresses, the kinetics of the channel widening process are slightly overestimated. From Figure 1(c) , it can be deduced that our model predictions fit quite well with Eggeler's experimental data obtained at 1323 K (1050°C). [36] The results in Figure 1(d) show that at 1373 K (1100°C), the channel characteristics are also slightly overestimated by our simulation, but the c tendency of convergence is well predicted. To validate our model for other compositions than that of CMSX-4, the evolution of c channel width in Ni commercial grades Rene´N4, as reported by Shastry et al., [19] was employed, and the comparison with simulation results is shown in Figure 1(e) . At a temperature of 1144 K (871°C), the predictions are rather lower than the experimental observation, while at a higher temperature of 1255 K (982°C), the prediction suits the experimental results perfectly. It is necessary to point out that for our model, which has no fitting parameter in the calculation at all and only uses independently derived physical parameter values, the agreement of the predictions at diverse levels of temperature, stress, and different compositions is remarkable. As such, it is one of the first models that manages to couple the microstructural characteristics of the rafting process with the chemical composition-based thermodynamic calculation in Ni superalloys.
III. RESULTS

A. Effect of Alloying Element on Microstructure and Creep Properties
For Ni superalloys, the microstructural features and their evolution during creep are intrinsically determined by the type and concentration of the various alloying elements. For example, Al and Ta are the main c¢ forming elements and higher levels of these elements can effectively increase the c¢ volume fraction. [37] Mo and Co partition preferentially in c matrix and play as strong solid-solution-strengthening elements to elevate the creep properties, [38] [39] [40] while Co addition helps to reduce the tendency to form TCP phases. [41, 42] Cr was found to increase the c¢ volume fraction [38] but deteriorates the microstructural stability at high level of concentration. [43] Re addition can substantially lower the c¢ coarsening kinetics and helps to bring about large negative misfits, but also increases the tendency to form Rerich TCP phases. [44, 45] Ru can effectively stabilize the microstructure by suppressing the precipitation of TCP phases. [34, 46] We now attempt to predict the effect of the concentration of specific alloying elements on the microstructure and rafting kinetics, taking the base composition of CMSX-4 superalloy as the starting point. The change in alloy composition is obtained at the expense of varying Ni concentration. The service temperature, total time, and applied stress are set as 1273 K (1000°C), 200 hours, and 100 MPa, respectively, and the predicted trends are compared with the experimental observations reported in the literature. All alloying concentrations are given in weight percent.
Cr effect
The predicted effects of Cr on the microstructural parameters and c¢ coarsening rate are shown in Figure 2 . The calculation results show that as the Cr concentration increases, the value of c channel width varies but the changes are minor. The c¢ coarsening rate decreases slightly when the Cr levels increase from 2 to 10 pct, and the decrease becomes sharper as Cr increases from 10 to 14 pct. The c¢ volume fraction decreases slowly but continuously with the Cr level. When the Cr level reaches 11 pct, the TCP phases, including the l and r phases, are predicted to start to precipitate. The predicted influence of the Cr level on the volume fraction is in good agreement with the experimental observations by Mackay et al. [40] and Huo et al., [13] which showed that Cr helps to develop the c¢ volume fraction in Ni superalloy. Huo et al.'s data also indicate that a Cr addition contributes to narrowing the c channel width, which also agrees well with the predictions. Carroll et al.'s [37] and Chen et al.'s [47] investigations show that an increasing Cr level helps to improve the creep strength of Ni superalloys. This result can be explained by the effect of Cr on decreasing c¢ coarsening rate, as shown in this figure. Besides, it also has been reported [12, 13] that high Cr levels can deteriorate the microstructural stability by increasing the proneness to TCP phase formation, in accordance with the simulation results reflected by the pink dots. In this figure, the backward slash patterns define areas where undesirable phases precipitate. From the simulations presented in Figure 2 and assuming the thermodynamic database to be sufficiently validated and correct (refer to the validity comment at the end of the model introduction section), it can be concluded that the Cr level can be increased in the base CMSX-4 alloy, to further retard the coarsening rate without the occurrence of TCP phase formation.
Co effect
As shown in Figure 3 , a rise in Co level from 0 to 16 wt pct brings a continuous increase in c channel width and a continuous drop in c¢ volume fraction from 71 to 48 pct, while the c¢ coarsening rate decreases simultaneously. Over the entire Co concentration range, no signs of the existence of TCP phases are found, which agrees well with the experimental investigations [43] showing that Co addition helps to suppress the formation of TCP phases.
The predicted effect of Co on decreasing the c¢ volume fraction fits well with MacKay's investigation. [40, 48] In contrast, Huo et al.'s [13] experimental results show that an 8 wt pct addition of Co can slightly reduce the c¢ volume fraction to 3 pct. This mismatch reflects the complex effect of Co on c¢ precipitation, which can be ascribed to the effect of Co on altering the c/c¢ partitioning behavior of other alloying elements. [49] 3. Ta effect The effect of Ta on the microstructural parameters of c/c¢ phases is shown in Figure 4 . The calculated results show that if the Ta concentration increases from 4 to 12 pct, the value of c channel width is almost halved, while the c¢ volume fraction increases continuously from 39 to 60 pct and the c¢ coarsening rate has a sustained decrease. The simulated results agree well with Jena's experimental investigations, showing that Ta promotes c¢ formation as a c¢ former, [50] and Forde's study showing that Ta addition helps to retard diffusion-mediated processes in Ni-based systems. [51] When the Ta content reaches 8.1 pct, Cr-enriched r phase begins to precipitate, as shown by pink dots and the area marked by the slash pattern. It has been demonstrated by Karunaratne et al.'s experimental results that the Ta addition increases the susceptibility to TCP formation by concentrating the c-partitioning TCP-forming elements in the c phase [52] ; Specifically, Booth-Morrison et al.'s study shows that Ta increases the partitioning ratio for Cr by displacing Cr atoms from the c¢ phase, [53] in this way promoting TCP formation. The reported experimental observations are well predicted by the model presented here. Figure 5 shows that the c channel width drops from 0.45 to 0.3 lm as the Mo concentration increases from 0 to 2.5 wt pct. After that, the channel width experiences a slow increase and then keeps decreasing with a further increase in Mo concentration. Besides, the figure shows that Mo additions can slightly increase the volume fraction of c¢ precipitates and reduce the c¢ coarsening rate by a factor 8 when the Mo concentration rises from 0 to 5 pct. However, the undesirable l phase begins to precipitate and grow rapidly for Mo concentrations in excess of 1.7 pct. The simulation results for the c channel width and c¢ volume fraction fit well with Huo et al.'s data, [13] which showed that 1.5 pct addition of Mo can slightly increase the precipitation volume fraction and decrease the c channel width. Moreover, Biss and Sponseller's experimental results [54] showing that Mo addition can retard the coarsening rate of c¢ particles also agree well with the calculated results. The role of Mo as a strong TCP former has been investigated experimentally by many researchers, [11, 12] and their results confirm the simulation results that an elevated level of Mo promotes the formation of the detrimental l phase. The forbidden area with the presence of l phase is marked by a backward slash pattern. It is also worth mentioning here that the model predictions suggest that there still exists some space to increase the Mo concentration in the base CMSX-4 alloy, as it leads to a higher precipitation volume fraction and a lower coarsening rate while the TCP phases should remain absent.
Mo effect
Re effect
Finally, Figure 6 shows that according to the simulations based on the existing data in the TCNI8 and MobNI4 thermodynamic databases, Re additions can slightly decrease the c channel width, while the c¢ volume fraction remains more or less unchanged. The blue dots indicate that the coarsening rate of c¢ precipitates experiences a slow decrease when the Re level increases from 1 to 5 pct. Besides, TCP phases are predicted not to form over the entire concentration range of Re from 1 to 5 pct. According to the experimental results by Heckl et al., [44] a 2 at. pct Re addition can significantly reduce the c¢ volume fraction to 15 pct. Besides, the effect of Re on the coarsening rate of c¢ has also been investigated extensively. The conclusions are quite consistent and indicate that Re addition in Ni superalloys can effectively retard the c¢ coarsening rates, [55, 56] due to the fact that Re is the slowest diffusing element in Ni among all alloy elements. [57, 58] The calculated results are in qualitative agreement with the reported effect of Re, but the high efficiency of Re in lowering the coarsening rate as well as decreasing the c¢ volume fraction is quantitatively not captured very well. It might be that the data in the thermodynamic databases TCNI8 and MobNI4 regarding the impact of the element Re need some adjustment.
To sum, our model can semiquantitatively predict the effect of chemical composition of Ni-based superalloys on c channel width at a relatively high temperature and low stress range on the basis of hard physical data rather than empirical fitted parameter values, which reflects the power of the model in simulating the microstructural evolutions during the rafting process. The effect of alloying elements Cr, Co, Ta, Mo, and Re in CMSX-4 superalloy on the microstructural parameters, c¢ coarsening rates, and microstructural stability are calculated by this model, and the simulated results have qualitatively good agreement with the experimental results from the literature. Moreover, our calculation shows that the chemical composition of CMSX-4 superalloy has not reached the optimal values from a thermomechanical stability perspective. There still exists some space to increase the alloying levels of Cr, Ta, and Mo to further improve the precipitation strengthening while maintaining the microstructural stability of the matrix.
IV. CONCLUSIONS
1. A novel computational model for the microstructural stability of Ni-based single-crystal superalloys as a function of temperature and applied tensile stress was built by combining thermodynamics calculations and an energy-based microstructural model. The connection between chemical compositions and the rate of microstructural evolution is based on the isotropic coarsening of c¢ phase and c/ c¢ lattice misfit during creep. 2. The model was applied to predict the c channel widening of Ni commercial grades of CMSX-4. The microstructural characteristics of the rafting process, especially at elevated temperature, can be well simulated by the model. 3. The effect of alloying elements Cr, Co, Mo, and
Re on the microstructural parameters, c¢ coarsening rates, and microstructural stability in CMSX-4 superalloy were analyzed by this model. The simulated results are well confirmed by the reported experimental data. The calculated results show that from a thermomechanical stability point of view, the chemical composition of the CMSX-4 superalloy has not reached its optimal value. There still exists some space to increase the alloying level of Cr, Ta, and Mo, to further improve the precipitation strengthening while maintaining the microstructural stability of the matrix.
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